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Making New Connections: Minireview
Role of ERK/MAP Kinase
Signaling in Neuronal Plasticity
this allows for a spatially and temporally graded re-
sponse. The activation and nuclear translocation of
MAPK plays an essential role in the inducible expression
of many immediate-early and late-response genes.
Interestingly, Ras/MAPK signaling components are





highly enriched in the adult CNS, and expression of
many MAPK regulators (N-Shc, RasGRF, RasGRP, Syn-
One of the most intriguing questions in neurobiology GAP, Ca21/DAG GTP exhange factors [GEFs], NF1,
is how neurons and synapses encode the long-term N-Ras, and B-Raf) is largely restricted to the CNS. An
changes in synaptic efficacy that underlie memory con-
initial clue to the role of the ERK/MAPK cascade in thesolidation. A recent set of studies suggests that the
CNS came from the observation that expression ofERK/mitogen-activated protein kinase (MAPK) plays a
MAPK signaling components is especially high in asso-fundamental role in vertebrate and invertebrate memory
ciational areas implicated in learning and memory, suchconsolidation. These findings suggest that the ERK/
as the hippocampus, neocortex, and cerebellum. Be-MAPK cascade should join the cAMP response element
cause long-term neuronal plasticity and memory consol-binding protein/cAMP response element (CREB/CRE)
idation require de novo gene expression, the prominentand cAMP/protein kinase A (PKA) pathways as evolu-
role of MAPK in inducible gene expression supports thetionarily conserved regulators of memory formation. Be-
idea that MAPK may regulate synaptic plasticity andcause the MAPK cascade was previously identified as
long-term memory (LTM) formation. The ability of thea critical regulator of cell growth, its regulatory role in
synaptic function in postmitotic neurons was unex- MAPK cascade to integrate coincident signals and to
pected. Nevertheless, a wide body of work now shows translate the magnitude of signaling into a temporally
that the MAPK cascade is potently activated by synaptic and spatially graded response further suggests a role
activity and by increases in intracellular Ca21 and cAMP. in long-term adaptive plasticity in the CNS.
Here, we focus on recent exciting studies that indicate How Is MAPK Activated by Synaptic Activity?
that the MAPK signaling cascade is critical for both Synaptic activity-induced increases in intracellular Ca21
memory consolidation and long-term neuronal plastic- potently activate MAPK in CNS neurons. However, the
ity. We also address the mechanisms for activity- and mechanisms by which Ca21 activates MAPK in CNS neu-
plasticity-mediated activation of MAPK in central ner- rons are not well defined. In PC12 cells, activation of
vous system (CNS) neurons and discuss evidence that Ras and the tyrosine kinase Src is required for Ca21
activation of CREB by the ERK/MAPK cascade plays a
stimulation of MAPK (Rosen et al., 1994; Rusanescu et
pivotal role in some forms of neuronal plasticity.
al., 1995). Consequently, several mechanisms have beenLocalization and Regulation of MAPK Suggest
proposed for the activation of Ras by Ca21, includinga Role in Neuronal Plasticity
Ca21/calmodulin (CaM) stimulation of the GEF RasGRF,The MAPK cascade is an evolutionarily conserved sig-
CaM kinase II inhibition of the GTPase activating proteinnaling cassette that plays a critical role in cell growth and
SynGAP (Chen et al., 1998), and activation of Pyk2 orsurvival in yeast, plants, and vertebrates. Interestingly, in
Fak tyrosine kinases. Recently, several additional Ca21-vertebrates at least seven MAPK cascades have been
regulated Ras GEFs (RasGRP and Ca21/DAG GEFs) haveidentified. In some cases, specialized physiological
been characterized. Additional work is required to defineroles have been identified for these regulatory cascades.
which Ras/MAPK regulators actually mediate respon-For example, p38 and jun kinase (JNK) are stress-acti-
vated protein kinases that play a role in the inflammatory siveness to Ca21 in CNS neurons.
response and regulate neuronal survival (Xia et al., 1995). Activity-generated Ca21 influx in CNS neurons also
On the other hand, the ERK/MAPK cascade plays a markedly increases intracellular cAMP via activation of
central role in regulating proliferation and differentiation. Ca21/CaM-sensitive adenylyl cyclases. The ability of the
For example, the ability of growth factors to promote cell small G protein Rap1 to couple increases in intracellular
growth typically depends on the activation of receptor cAMP to activation of MAPK suggests another potential
tyrosine kinases, which recruit Ras family small G pro- mechanism for the activation of MAPK by Ca21 (Vossler
teins and lead to the sequential activation of Raf (MAPK et al., 1997). The activation of Rap1 by cAMP may be
kinase kinase), MEK (MAPK kinase), and ERK/MAPK mediated by a recently reported family of GEFs that
(reviewed by Seger and Krebs, 1995; see also Figure 1). directly bind cAMP (Kawasaki et al., 1998). Consistent
The sequential nature of the ERK/MAPK cascade pro-
with these studies, activators of adenylyl cyclase mark-
vides multiple points at which the response can be regu-
edly increase MAPK activity in hippocampal neuronslated by phosphorylation and dephosphorylation and
(Martin et al., 1997; Impey et al., 1998). Thus, in additionallows for tremendous amplification of extracellular sig-
to being activated by Ca21, MAPK may also be a majornals. Because the duration of MAPK activation can de-
cAMP-stimulated kinase in the CNS. These studies raisetermine whether nuclear or cytosolic targets are acti-
the possibility that some of the effects of cAMP, whichvated and whether proliferation or differentiation occurs,
have been attributed to PKA, may be the result of MAPK
activation. For example, some of the inhibitors used to* To whom correspondence should be addressed (e-mail: dstorm@
u.washington.edu). implicate PKA (e.g., cAMP analogs) may regulate MAPK.
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Figure 1. A Model for the Activation of ERK/
MAPK by Synaptic Activity and Its Potential
Regulatory Targets
Release of an excitatory neurotransmitter
onto a bouton depolarizes a neuron resulting
in the influx of Ca21 through ionotropic recep-
tors or voltage-gated Ca21 channels. Ca21 acti-
vates Ras family G proteins though an unknown
mechanism, possibly involving Src family ty-
rosine kinases. The association of Ras and
Raf with 14-3-3 proteins then induces the
phosphorylation and activation of Raf. Alter-
natively, Ca21/CaM can stimulate adenylyl cy-
clases resulting in the accumulation of cAMP,
which in turn activates Rap1 via cAMP GEFs
or PKA. Rap1 may then activate Raf. The acti-
vation of Raf leads to the sequential phos-
phorylation and activation of MEK and MAPK.
Activated MAPK likely has multiple targets,
including CREB, which mediate its ability to
induce long-term adaptive changes in neu-
rons. The resulting synthesis of new proteins
mediates the long-term remodeling of the
synapse believed to underlie LTM and L-LTP.
Other potential targets of MAPK are cell ad-
hesion molecules (CAMs), cytoskeletal ele-
ments, and ion channels.
A Role for ERK/MAPK in Neuronal Plasticity L-LTP shares several mechanistic characteristics with
LTM, including a requirement for CREB-dependent geneThe first evidence for a role for the MAPK cascade in
invertebrate neuronal plasticity came from studies of expression, as well as Ca21- and cAMP-dependent sig-
naling.long-term facilitation (LTF) in Aplysia, a model for long-
term sensitization of the gill withdrawal reflex. LTF is Recent research indicates that MAPK signaling plays
an important role in the induction of LTP. For example,produced by exposing sensory±motor neuron synapses
to multiple spaced pulses of serotonin, thus mimicking stimuli that induce LTP in area CA1 of the hippocampus
also potently activate MAPK (English and Sweatt, 1996;the release of serotonin by an interneuron in vivo. Kandel
and coworkers have shown that the transcription factors Impey et al., 1998), and pharmacological inhibition of
MEK, an upstream activator of MAPK, partially inhibitsATF4 and C/EBP regulate LTF. Because ATF4 and
C/EBP are thought to be phosphorylated by MAPK, the LTP formation in area CA1 of the hippocampus (English
and Sweatt, 1997). In addition to regulating short-termrole of MAPK in LTF was examined (Martin et al., 1997).
MAPK is activated and translocated to the nucleus fol- synaptic strength, treatment with the MEK inhibitor
PD98059 completely blocks gene expression±depen-lowing LTF of Aplysia sensory neurons (Martin et al.,
1997). When MAPK is selectively inhibited in sensory dent L-LTP (Impey et al., 1998). Thus, MAPK signaling
not only regulates short-term synaptic function but mayneurons by injection of an inactivating antibody, LTF is
attenuated. Since short-term facilitation is not affected, also promote the transcription and translation of new
proteins required for L-LTP.these data suggest that MAPK is required specifically
for LTF. Similarly, pharmacological inhibition of MEK Activation of MAPK Is an Essential Step
for Memory Formationalso prevents the acquisition of LTF but not short-term
facilitation. Taken together, these results suggest that The Drosophila olfactory learning mutant, leonardo,
strongly suggests a role for MAPK in invertebrate mem-MAPK activation and nuclear translocation induce the
transcription and expression of new proteins necessary ory formation (Skoulakis and Davis, 1996). leonardo en-
codes a 14-3-3 family protein that is highly expressedfor LTF.
Long-term potentiation (LTP) is an activity-dependent in the mushroom bodies, the locus of Drosophila asso-
ciative olfactory learning. 14-3-3 proteins bind directlystrengthening of synaptic efficacy that has been pro-
posed to be a cellular model for vertebrate memory to Raf and are critical for the activation of Raf by Ras.
Decreased levels of leonardo expression in Drosophilaformation. LTP has a short-term form that depends on
the activation of kinases and phosphatases (decremen- result in impaired Ras/MAPK signaling. Moreover, leo-
nardo mutants show a marked deficit in both short-termtal LTP or E-LTP) and a long-term form that requires de
novo mRNA transcription and protein synthesis (L-LTP). and long-term associative olfactory memory formation.
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Several transgenic mouse mutants have also implicated MAPK activity is necessary for LTP, the study of Atkins
et al. (1998) provides powerful evidence that MAPK sig-the MAPK pathway in vertebrate LTM formation. Mice
deficient for RasGRF, an activator of Ras, show a naling is an essential step in hippocampus-dependent
LTM consolidation and supports the hypothesis thatmarked deficiency in LTP in the basolateral amygdala
(Brambilla et al., 1997), a structure believed to help en- LTP and memory consolidation share similar mecha-
nisms.code certain forms of associative fear conditioning.
Therefore, Brambilla et al. (1997) examined cued fear Atkins et al. (1998) also demonstrated that systemic
injection of SL327 blocks cued fear conditioning in rats,conditioning in RasGRF-deficient mice. In cued fear
conditioning, mice learn to fear a normally innocuous suggesting that MAPK activity is required for amygdala-
dependent memory formation. This observation sup-auditory tone that has been paired with aversive foot
shock during training. LTM for cued fear conditioning is ports the idea that the deficit in amygdala-dependent
memory formation in RasGRF mutant mice is the resultmarkedly compromised in RasGRF mutant mice. Imme-
diate learning and short-term memory (STM) in RasGRF- of impaired MAPK signaling. However, because of the
systemic administration of SL327, Atkins et al. (1998)deficient mice are unchanged relative to wild-type mice.
Although Ras can potentially couple to other kinase cas- do not identify the anatomical region that requires MAPK
activity for memory consolidation. It is conceivable thatcades, RasGRF is a potent activator of ERK/MAPK sig-
naling. Thus, these data suggest a role for the Ras/ increases in MAPK activity in regions other than the
hippocampus or amygdala contribute to memory for-MAPK cascade in LTM formation. Interestingly, cued
fear conditioning induces associative LTP in the lateral mation.
A recent study using the Morris water maze spatialamygdala in vivo and in vitro. It is tempting to hypothe-
size that a possible role of Ras/MAPK activation in fear learning paradigm addressed the issue of anatomical
specificity by infusing a MEK inhibitor selectively intoconditioning is to integrate associative inputs from the
thalamus as well as the auditory cortex and induce an the hippocampal formation (Blum et al., 1999). Training
increased MAPK phosphorylation specifically in the dor-LTP-like increase in synaptic efficacy.
A study by Silva and colleagues also implicates the sal hippocampus, an anatomical region required for
Morris water maze spatial learning. Blum et al. (1999)Ras/MAPK cascade in vertebrate memory consolida-
tion; heterozygous neurofibramatosis type 1 (NF1) mu- also found that infusion of a MEK inhibitor reduced
MAPK activity specifically in the dorsal hippocampus.tant mice have partial deficits in hippocampus-depen-
dent spatial memory (Silva et al., 1997). In contrast to Importantly, infusion of the MEK inhibitor attenuated the
expression of LTM but was without effect on STM or onRasGRF, NF1 is a neuronal Ras GTPase-activating pro-
tein and functions as an inhibitor of Ras. Thus, this work hippocampus-independent memory formation. Taken
together, the work of Brambilla et al. (1997) and Blumimplies that increased Ras activity perturbs memory for-
mation. This study suggests that a dynamic balance of et al. (1999) argues that MAPK signaling is a crucial
regulator of LTM formation in vertebrates.Ras activation is essential for memory formation in mice.
Interestingly, these findings are reminiscent of earlier Additional evidence implicating the MAPK pathway in
LTM formation comes from the study of conditionedwork in Drosophila, in which genetic mutations that in-
crease cAMP levels (dunce phosphodiesterase mutant) taste aversion in rats (Berman et al., 1998). Conditioned
taste aversion learning is produced by the pairing of aor decrease cAMP levels (rutabaga adenylyl cyclase mu-
tant) both disrupt learning and memory. novel taste with a noxious stimulus. The injection of a
different selective MEK inhibitor, PD98059, specificallyA caveat of gene disruption studies is that memory
deficits can stem from developmental or compensatory into the ªtasteº or insular cortex impairs LTM for condi-
tioned taste aversion, while PD98059 injection into anchanges in synaptic function or neuronal circuitry. Sev-
eral recent studies avoid this problem by utilizing selec- adjacent structure is without effect. However, interpreta-
tion of this data is complicated because MAPK is acti-tive pharmacological inhibitors of MEK. The first study
reports that a hippocampus-dependent learning para- vated by exposure to a novel taste and therefore may
play a more general role in differential taste perception.digm, contextual fear conditioning, induces a marked
activation of MAPK in the rat hippocampus (Atkins et Nevertheless, the sensory representation of a novel
taste is intact in the PD98059-treated rats because STMal., 1998). Contextual fear conditioning is similar to the
cued fear conditioning paradigm used by Brambilla et is not affected. The spatial as well as temporal specificity
of MAPK inhibition demonstrated by Berman et al. (1998)al. (1997) with the exception that the rats learn to associ-
ate an aversive foot shock with a novel ªcontextº or argues that activation of MAPK signaling in the insular
cortex contributes to LTM for taste aversion.spatial environment. Importantly, the increase in MAPK
activity following contextual fear conditioning is not as- CREB Is a Major Target of MAPK Signaling
Although these recent genetic and behavioral studiessociated with the handling of the rats or the footshock.
Thus, MAPK is specifically activated by the associative implicate MAPK in LTM consolidation, the regulatory
targets of MAPK during consolidation have not beenconditioning that induces memory consolidation rather
than the aversive stimulus. Atkins et al. (1998) also exam- defined. Each of the forms of neuronal plasticity and
learning discussed above also require functional CREB.ined whether MAPK activity is required for LTM for the
contextual association. The systemic injection of SL327, Thus, a likely candidate target of MAPK is CREB. Al-
though CREB is not directly phosphorylated by MAPK,at a dose that blocks conditioning-associated MAPK
activation, attenuated contextual LTM formation. Be- it is phosphorylated and transactivated by the MAPK-
activated Rsk family of protein kinases (Xing et al., 1996;cause the effect of SL327 on STM was not assessed, it
is not clear whether contextual LTM per se required Impey et al., 1998). In particular, Rsk2 is required for
Ca21-stimulated CREB phosphorylation in PC12 cellsMAPK signaling. Interestingly, SL327 also blocks hippo-
campal LTP. Taken in the context of work showing that (Impey et al., 1998). However, multiple kinases including
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Rsk1, Rsk2, Rsk3, and CaM kinase IV can promote activ- questions regarding the role of MAPK in neuronal plas-
ticity and memory formation. Is CREB a target of Ras/ity-dependent CREB phosphorylation in hippocampal
neurons (Impey et al., 1998). The identity of kinases that MAPK signaling during memory consolidation? How is
MAPK activated during adaptive neuronal plasticity andare required for activity-dependent CREB phosphoryla-
tion in vivo is still uncertain. Nevertheless, a number of memory consolidation? What are the cytosolic and nu-
clear targets of MAPK that facilitate memory formationrecent studies indicate that CREB is a major target of
MAPK during neuronal plasticity. and modulate synaptic efficacy? Additional research us-
ing temporally and spatially restricted transgenic tech-Gene expression±dependent L-LTP is attenuated in
CREB mutant mice, and consequently L-LTP is thought nologies should help clarify and confirm the role of Ras/
MAPK signaling in LTM.to require CREB-dependent gene expression. Both L-LTP
and L-LTP-associated CREB-dependent gene expres-
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Collectively, these studies indicate that the MAPK
pathway is a fundamental component of LTM formation
in invertebrates and vertebrates. Thus, the MAPK cas-
cade joins the cAMP/PKA pathway and the CREB tran-
scriptional pathway as an evolutionarily conserved regu-
lator of LTM consolidation (Figure 1). Work showing that
MAPK is a major activator of plasticity-associated
CREB-dependent gene expression also strongly sug-
gests that MAPK signaling facilitates memory consolida-
tion and L-LTP by promoting de novo CREB-regulated
gene expression. There are a number of unanswered
